In the new "History Selection" formulation of Quantum Mechanics an entire cosmic history is selected over all space and time, with a probability for selection assigned to each possible history. As this probability depends on the whole history, and is not merely composed of the product of probabilities for each step in the history, the theory is not a causal theory. It shall be shown that this violation of causality is usually completely unobservable and confined to the microscopic world, occurring inbetween "observations". However it shall also be shown that in certain special circumstances it is possible to exploit the intrinsic non-causal nature of the theory to violate causality at the macroscopic level. A practical design for a device which can exploit this effect is shown. Such a device would effectively enable one to see into the future, and is thus a kind of time machine. Finally it shall be shown that, according to this new formulation of Quantum Mechanics, this does not give rise to any unpleasant time paradoxes.
Causality violation at the microscopic level
In the History Selection formulation of Quantum Mechanics [1] an entire cosmic history is selected by calculating both the product of probabilities for each step in that history and the product of the interference factors, which measure interference with other possible histories, at each time. It is the latter factor which makes the theory intrinsically non-causal at the microscopic level. For example a particle, when deciding which branch to take if faced with a choice of going in two directions, which are apparently equally probable from a local perspective, will always choose one route if the other results in a definite destructive interference with another particle at some stage in the future. It is as if the particle "knows" what will happen to it in the future if it goes one way or the other. From the perspective of the History Selection formulation there is nothing mysterious about this, the probability of a history in which the particle goes one way is zero, the probability of a history in which it goes the other way is non-zero, so at the branching point it always goes one way. However, though this may not be mysterious from a God's eye view of the whole of space-time, it is very mysterious from the local perspective of our particle. From its perspective the probabilities for its various actions now are influenced by what could happen in the future.
We can consider a particular example of this. See Fig. 1 , in which one photon at a time is directed into a sheet of dielectric which is 2n+1 4 λ thick, where λ is the wavelength of the photon. This arrangement cuts out reflection from the dielectric, as the photon reflecting off the top surface of the sheet will destructively interfere with itself as it can also enter the sheet at the top surface, bounce off the bottom surface and then exit again through the top surface. The histories in which the photon bounces directly off the top and those in which the photon bounces off the bottom surface and then leaves through the top will destructively interfere with each other giving a probability of zero for either eventuality to occur. The interference factor applies when the two histories in which the photon leaves the upper surface merge, its value is zero, so this can't happen, and all the photons will always pass through the lower surface and out the other side of the sheet. Now if we consider the two possible histories in which the photon is reflected off the sheet, we can see that in the case where the photon enters the sheet and reaches the bottom surface, the probability for it to be reflected there is zero due to the interference which will occur with the other reflective history in the future. At the bottom surface of the sheet the photon always decides to pass through rather than reflect because of something that will happen to it in the future if it reflects.
Imagine a "Quantum demon", a being which can observe the properties of quantum particles without in any way disturbing them or any other particles. Such a thing is not possible of course, but hypothetically, if it were possible, then such a demon sitting at the bottom surface of the sheet could watch all the incoming photons, and then by observing how many reflect off the bottom and how many pass through, it would notice that none were being reflected even though the properties of the boundary should allow this. It would thus conclude that no photons are being reflected because if they were they would interfere destructively with other photons or with themselves in other possible histories at some stage in the future. Of course the demon has not actually deduced any more from these observations than it could by simply looking at the entire experimental set up, which would enable it to conclude in advance that no photons will ever be reflected off the bottom surface of the dielectric.
The situation can however be made more interesting if there is a thin layer of material at the top of the dielectric, which can switched between two states. Either it has the same optical properties as the rest of the dielectric, or it completely absorbs the photons. The state it is in can be set by the experimenter. Imagine that it is switched between the two states very rapidly and randomly. Sometimes a photon will arrive at the top of the sheet when this blocking layer is off, it may then pass through to the bottom surface. At the bottom it may either reflect upwards again or pass through the bottom surface. If it reflects, then if by the time it has reached the top of the sheet again the blocking layer has been switched on again, it will be absorbed by the blocking layer and will not destructively interfere with a later version itself at the top. In this case the photon may reflect from the bottom surface of the sheet and end up being absorbed. On the other hand, if by the time it reaches the top again the blocking layer is still switched off, it will interfere destructively with itself and so it may not reflect off the bottom surface in this case. The interesting point here is that the state the blocking layer is in at the time the photon reaches the top again is not yet set when the photon is at the bottom, yet if it will be on when the photon reaches it, the photon may reflect off the bottom. A quantum demon sitting at the bottom of the sheet would know every time it saw a photon reflected off the bottom that the blocker will be switched on a certain time in the future. In other words a quantum demon could actually see into the future, making deductions about the future from events in the present.
Unfortunately if you or I tried to be a quantum demon and observe whether or not photons were being reflected from the bottom surface of the sheet it wouldn't work. Interference between various possible histories can only occur if all the particles in the universe are in the same positions at the time of interest in each of the histories concerned. When no one is observing, there are two possible histories in our experiment, they diverge when the photon is created (it must be created at slightly different times in each case for it to be in the same place at the same time in the two histories at the end), and merge again when the photon leaves the top of the sheet, either directly from the top, or after having passed down through the sheet and back up again. At this point an interference factor must be applied, and in this case it is zero, thus giving both of these histories zero probability to occur. However if we observe whether or not the photon passed through the sheet on its journey, then in the history where it entered, bounced off the bottom, and then exited through the top again, we will have noticed this and made note of the fact somewhere. In the history where it simply reflects directly off the top, we won't have noticed it, and won't have made any note of the fact anywhere. As these two histories differ in the state of the observer in each case, they don't reconverge to the same overall state, so there is no interference factor, and no interference is observed. Thus any attempt to see whether the photon bounces off the bottom or not destroys interference. This means that the photon's actions upon reaching the bottom boundary won't be biased by considerations of possible interference that could occur in the future, and so this attempt to see into the future will fail.
Although causality violation happens all the time at the microscopic level, due to potential future interferences affecting present behaviour, attempting to watch the present behaviour of quantum particles destroys any possibility of future interference and so one can't deduce anything about random future events from such observations. It would appear then that causality violation is confined to the microscopic world, and can't be observed in the macroscopic world.
Causality violation at the macroscopic level
Observation destroys interference, and the effect of future interference can change present behaviour of particles. But if observation destroys this interference then surely it is impossible for observers to see into the future? However we can turn this argument around. Instead of observing a particle in an attempt to see if it will interfere with itself in the future, we could see whether or not there ultimately is interference to determine if an observation of the route the particle has taken has occurred. By entangling the particle whose interference we are measuring with another, we could observe the state of the original particle by performing a measurement on the entangled one, and we could perform this observation at any time, even after the interference (or lack of it) has been observed. We could optionally decide not to observe the entangled particle at all, until after we have already seen whether or not the the original particle interferes with itself, then by seeing whether or not there is interference between the possible histories corresponding to the different routes that the original particle could take, we would know now whether or not we were going to make the observation of the entangled particle in the future. If the decision to observe or not was decided by the outcome of some event in the future, we could then know that outcome in advance. We could thus use this mechanism to find out anything we liked about the future.
An experimental design for realising this concept in practice is shown in Fig. 2 . In this apparatus a source emits a single photon, called the primary photon, which meets a beam splitter and can take one of two routes from there, labelled Route 1 and Route 2. Each route takes the photon into a down-converter, which will output two photons of half the frequency of the primary photon. One route out of each down converter sends a photon into the interference apparatus, which consists of a beam splitter which each route will hit, and a pair of detectors labelled A and B. This photon is called the interference photon, as it may interfere with itself. The other way out of each down converter sends a photon into a delayer, which is any device which can lengthen the flight time of the photon, and thus delay the time before it ultimately reaches a detector. In practice it could be a set of mirrors, a coil of fibre optic cable, or some device which can store a photon for a while before releasing it again. After the photon has been delayed for the desired time it is then released to continue on its journey. This photon is called the measurement photon, as it may be used to measure which route was taken by the primary photon. We also reflect the measurement photon back towards the interference apparatus before doing anything with it, so as to ensure that there is a timemlike separation between the relevant events that occur to the two photons.
If both possible paths of the measurement photon are made to converge again at a screen there will be interference between the two histories corresponding to each route the primary photon can take at the first beam splitter. If all the path lengths are correctly set, it can be arranged that in this case the probability for the interference photon to arrive at detector A is zero, and the probability for it to arrive at B is one.
On the other hand we could place a blocker in the path of one the routes the measurement photon can take. In this case the histories in which the primary photon goes one way will not reconverge with those in which it goes the other, and there will thus be no interference between the two, this will result in the interference photon having equal probability to arrive at A or B. We could potentially send several photons into this apparatus one after the other, and have all of the resultant interference photons arrive at the interference apparatus before the first of the measurement photons arrives at the measurement Blocker Off Off apparatus. In this case we could see if there was interference, with an arbitrarily large set of photons, before it is decided whether or not to observe which route each primary photon took. We would thus know in advance the future state of the blocker. We can however never be absolutely certain of the result our time machine gives us, as the distribution that appears at detectors A and B has an element of randomness in it. In the ideal case our apparatus will be set up so that if the blocker will be switched on, the interference photons will go to A or B with equal probability; and if the blocker will be switched off, interference will occur such that the probability of an interference photon going to A is zero, and the probability for it to go to B is one. Nevertheless, even with the blocker on, all the interference photons might still by chance go to B.
The user of the time machine will conclude that the blocker will be off if all the interference photons arrive at B, and that it will be on if any of them arrive at A. What is the accuracy of this? We can answer this by considering all the possible histories that can occur and their probabilities. There are four histories to consider. The time machine will conclude either that the blocker will be on, or that it will be off; and the actual state of the blocker will either be on or off. There are four ways to combine these possibilities, shown in Table 1 .
To calculate the total probability for each of these histories we must calculate the probabilities for the possible branchings within each history, and also any interference factors. We shall consider the general case where n primary photons are used. For all the resulting interference photons to go to B gives a branching probability of 2 −n , for any of them to go to A gives a branching probability of 1 − 2 −n . Then we must include the probability for the blocker to be on, which we shall assume to be independent of the result at the interference apparatus, and which we shall call P b . Finally we must include the interference factor for each of the histories. If the blocker is on there is no interference, and the interference factor is 1 in all cases. If the blocker is off, then for each interference photon arriving at detector B, there is an interference factor of 2 when the histories associated with both the routes the primary photon can take reconverge. For each interference photon arriving at A there is an interference factor of zero. Thus if all n photons arrive at B, i.e. if the device concludes the blocker will be off, the total product of all the interference factors, which gives the overall interference factor, is 2 n . If any photons arrive at A, which will result in the device concluding that the blocker will be on, the overall interference factor is zero. We multiply these three probability factors together to obtain the overall probability for each of the possible histories. The results are shown in Table 2 .
In the case of Histories 1 and 4 the machine has correctly predicted the future, in cases 2 and 3 it has got it wrong. By adding the probabilities for Histories 1 and 4 we find that the accuracy of the machine is 1 − 2 −n P b . If the blocker is equally likely to be on or off, P b = 1 2 and the accuracy becomes 1 − 2 −(n+1) , which corresponds to an error rate of 2 −(n+1) . In the worst case, with P b = 1, the error rate is still very small at 2 −n . So as we can see, the accuracy of the time machine doubles with each extra photon used, and can in principle be made as accurate, and see as far into the future, as one desires. 
Naturally any discussion of time travel, even in the form of obtaining information from the future, rather than bodily transfer of material backwards in time, raises the question of time paradoxes. In the use of our time machine we could set up a potentially paradoxical situation by finding out whether or not the blocker will be on, and then deliberately setting it to the opposite state when the time comes. What happens in this case? Of course the underlying theory does not permit there to be any real paradoxes, an entire history is selected over all space and time at once, according to well defined rules. When we are seeing into the future we are simply exploiting the fact that the probabilities for certain events to occur now can be influenced by the outcome of random events in the future. There is no real "flow" of information back and forth in time, and so no possibility of a paradoxical feedback loop being set up. The answer to the paradox considered in the case of our time machine is that the machine only gives the correct answer some of the time, not all of the time. In our previous analysis of the accuracy of the time machine we assumed that the probability of the blocker being on was independent of the reading of its future state at detectors A and B. However if this is not the case the probabilities for all the various histories changes, and the time machine no longer gives accurate results.
We can calculate what will happen if we deliberately set the blocker to the opposite state to that which we read from our time machine, by calculating the relative probabilities for the possible histories. In this case there are only two possible histories. Firstly some of the photons could arrive at detector A, we would then assume that the blocker will be on and so ensure that is off when the interference photons reach it. But if the blocker is off, there is destructive interference at detector A, and the probability for any of the photons to arrive there is zero. Thus the probability for this history to occur is zero. The other possibility is that all the photons arrive at B, we then conclude that the blocker will be off when the interference photons reach it, and so set it to be on. However if we do this it is still possible for all the photons to arrive at B anyway, so this is the history that is selected. The time machine tells us that the blocker will be off, and we set it to be on. Thus the time machine gives us the wrong answer if we try to trick it like this. There is no paradox here, all that has happened is that by making the state of the blocker dependent on the reading of its future state from the time machine we have altered the probabilities for the various possibilities from those probabilities which we would obtain if the future state of the blocker was independent of the reading from the time machine, in this particular case this reduces the accuracy of the time machine to zero.
has to say on these matters, and how it differ in its conclusions from the new formulation.
The conventional Copenhagen interpretation does not permit causality violation, as in this formulation a particle is not considered to have any particular history, rather it exists in a superposition of all possible states until observed, whereupon a definite state/position is chosen. The evolution of the quantum state between observations can be described by purely causal equations. It is only if one considers a particle to have had a definite history that the issue of causality violation arises.
As explained in Sec. 1, even with the new formulation such causality violations are usually completely unobservable due to the loss of the possibility of future interference between histories when a measurement is made. The time machine manages to circumvent this restriction by entangling a macroscopic state (the result of the observations performed on the interference photons) with a microscopic state (the route taken by the measurement photon).
We shall now try to analyse this entanglement from the Copenhagen perspective, labelling the possible states of the interference detectors |A > and |B >, corresponding to detector A receiving the interference photon and detector B doing so respectively, and we shall label the states of the measurement photon |1 > and |2 >, corresponding to route 1 or 2 being taken respectively. Viewed from the perspective of an observer at the blocker, the incoming measurement photon is in a superposition of states |1 > and |2 >, leaving the interference detectors in pure state |B >. By using the blocker this superposed state will be collapsed into a state of pure |1 > or pure |2 >. By entanglement with the state of the interference detectors, they will now be put into a superposition of states |A > and |B > giving equal probability for detection at A or B. If the observer at the measurement detector now checks what happened at the interference detectors this is indeed what he will find, half the time detector A will be triggered, the other half detector B will be. Alternatively the observer at the measurement detector can choose not to use the blocker, leaving the measurement photon in a superposition of states |1 > and |2 >, and leaving the interference detectors in pure state |B >. Now, if what was going on at A and B was hidden until the measurement at the blocker, the situation would be a normal quantum mechanical entanglement experiment, however the state of detectors A and B is known to the macroscopic world immediately after the interference photon arrives there. According to the Copenhagen interpretation this state is now a certainty, not a probability, and can no longer be entangled with another state and subject to change depending on the choice of measurement on that state.
The situation is no better from the perspective of an observer at detectors A and B. When the interference photon arrives here, will interference occur or not? As nothing is known at this time about which route was taken by the primary photon, one might expect there to be interference at the detectors; however it is then possible that it might subsequently become known which route the original photon took, by use of the blocker, resulting in an interference pattern at the same time as observing which route the interference photon took. This allows us to observe the interference photon without disturbing it any way, which violates the uncertainty principle. Alternatively one could take the view that there should not be interference at the detectors. However if the two paths of the measurement photon are made to reconverge, the route the interference photon took will never be known, in which case an interference pattern would be expected. It certainly appears in similar experiments where the entangled photons' paths converge at the same time as the interference measurement, it would be very odd it the interference pattern went away just because the paths of the entangled photons don't converge until later.
Thus one must either allow violation of causality, or allow a particle to be observed without disturbing it, or destroy the self-interference of a particle even though it has not been disturbed either directly or via entanglement with another particle. Allowing any one of these things contradicts the Copenhagen interpretation of quantum mechanics, yet in this experiment one of them must happen.
In contrast to all this confusion, the History Selection formulation has no difficulty at all in analysing this experiment, it is also free from all the unpleasantnesses usually associated with quantum mechanics, and must therefore be considered logically superior to the conventional theory. It should be possible to make the time machine in the near future, and thus resolve the issue experimentally. 
